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Abstract 
 The core components of the bacterial chemosensory array, the transmembrane receptor, 
the histidine kinase CheA, and the adaptor protein CheW, organize into an extended hexagonal 
array typically located at one or both of the poles of bacterial cells. Transmembrane receptor 
signaling regulates kinase activity which in turn regulates the flagella which controls cell 
movement. The kinase CheA is made up of five separate domains. The regulatory domain of 
kinase and the adaptor protein bind at overlapping sites at the cytoplasmic tip of the receptor 
called the protein interaction region. The kinase regulatory domain and the adaptor protein share 
tandem SH3-like structural motifs, allowing the proteins to bind to receptor in similar ways. The 
present study compares the physiological binding interfaces between the kinase and other core 
components to the current in vitro structural array models by (i) determining the minimal binding 
domain of the kinase, (ii) characterizing a predicted interface between the kinase and the adaptor 
protein in vivo and (iii) characterizing the interface between the kinase and receptor in vivo 
predicted by two contradictory models. Current evidence is unable to determine which model 
more accurately describes the receptor-kinase interface in native chemosensory arrays. Model 1 
is based on a crystal structure of a homologous Thermotoga complex between receptor fragment 
and adaptor protein, and Model 2 is based upon the newly solved Thermotoga complex between 
receptor fragment and the kinase regulatory domain. Physiological interfaces are probed using 
live cell fluorescent microscopy in tandem with a novel interface scanning method: Tryptophan 
and Alanine Mutatagenesis to Identify Docking sites (TAM-IDS). The results reveal the kinase 
regulatory domain is the minimal binding domain of the kinase, the current structural model of 
the kinase-adaptor protein interface is consistent with the physiological interface, and the 
physiological interface between kinase and receptor is more accurately described by Model 2. 
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Introduction: 
  Two-component signaling pathways are the most predominant signaling pathways in 
bacteria, usually consisting of a histidine kinase linked to a transmembrane receptor that acts as a 
sensor and an aspartate kinase that serves as a response regulator (1-4). Bacterial chemotaxis in 
many species depends upon such a pathway. The bacterial chemosensory machinery consists of a 
number of conserved proteins that assemble into a transmembrane array, see Figure 1. These 
transmembrane signaling arrays detect chemical gradients of specific small molecules that 
modulate the flagellar motor rotation to 
swim up gradients of attractants and 
down gradients of repellants. The proteins 
central to the sensing of these gradients 
consist of the transmembrane 
chemoreceptor, the histidine kinase 
CheA, and the scaffolding protein CheW. 
When assembled these three proteins 
constitute the chemotactic core complex, 
which serves as the minimal operational 
unit of the array able to produce receptor 
regulated kinase activity (1). In 
Escherichia coli and Salmonella 
typhimurium, this array complex 
assembles into repeating hexagonal arrays 
(5). Receptor proteins form trimers-of-
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dimers which are located at the vertices of the hexagonal array, as shown in Figure 1 (6-10). The 
histidine kinase CheA and scaffolding protein CheW bind to the cytoplasmic tips of the receptor 
at the receptor protein interaction region (5,6,8,11-18).  The kinase, receptor and adaptor proteins 
have been shown in vivo to localize to the poles of the cell during array formation (19).   
  The chemosensory array is of particular interest because it is the most common sensory 
structure found in bacteria (1). The core components and the array architecture are conserved 
over nearly all bacterial species (1). In addition, the array represents the smallest biological 
integrated circuit; the array takes inputs and gives outputs on a molecular level. This feature of 
the array, as well as it’s ultra-sensitive and ultra-stable character would make it an ideal system 
to generate a biosensor (1,15,16). As a biosensor, the array could potentially bind trace 
concentrations of small molecules like cocaine or explosives and transmit a detectable signal. 
The mechanism of signaling within the chemosensory array is not fully understood. In order to 
fully characterize the signaling characteristics of the array, current models for the architecture of 
the core components must be refined in higher resolution. By probing the protein-protein 
interactions made between the core components, the current study aims to further elucidate the 
architecture of the array and, consequently, how the chemosensory array transmits signal. 
  The core component, histidine kinase CheA, forms a dimer with identical subunits; each 
subunit consists of five distinct domains (20). The substrate domain (P1) receives the phosphate 
group during the autophosphorylation reaction while the substrate binding domain (P2) is 
responsible for binding the substrate protein CheY which is subsequently phosphorylated by P1. 
Both of these domains are tethered to the main structure of histidine kinase by a long, flexible 
linker, allowing them extensive conformational freedom (21). The dimerization domain (P3) 
links the kinase monomers by forming a four helix bundle with the dimerization domain from 
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another kinase (22). The catalytic domain (P4) contains an ATP binding pocket responsible for 
phosphorylating the substrate domain (20). The final kinase domain, the regulatory domain (P5), 
binds the CheW adaptor protein and directly interacts with receptor, (18,23). Figure 2 shows the 
crystal structure of all of the domains of the histidine kinase. 
 The adaptor protein is a small, monomeric protein that shares a tandem SH3-like fold 
with its structural homologue, the kinase regulatory domain (KRD) (24,25). Subsequently, the 
adaptor protein and KRD bind similar sites on the receptor protein interaction region, 
competitively inhibiting each other’s binding (26-29). The adaptor protein and KRD share  two 
interfaces: subdomain one of the kinase regulatory domain and subdomain two adaptor protein 
and the other between kinase regulatory domain subdomain two and adaptor protein subdomain 
one (12). 
 Recently there have been a number of advances in defining structures of the core array 
components. Crystal and/or NMR solution structures now exist for the individual domains of the 
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receptor, kinase, and adaptor proteins individually and in various complexes (5,6,8-18,25,29-31). 
Data generated from the solved crystal structure of a complex between a Thermotoga maritima 
receptor fragment and the tandem SH3-like fold of the Thermotoga adaptor protein, along with 
other evidence, provides a clear in vitro structural model for the kinase-adaptor protein interface 
(6,12,25,30,31,35,43,44). Unlike the interface between the kinase and the adaptor protein, the 
specific interactions 
between the receptor and 
the kinase are not as well 
established. Two distinct, 
yet plausible models have 
been proposed for this 
interface (11,12, 32). 
Model 1 is derived from 
the complex between a 
Thermotoga receptor 
fragment and the adaptor 
protein of Thermotoga 
(12). The reason this 
crystal structure can be 
used to model the kinase-receptor interface is because NMR analysis suggests the tandem SH3-
like motifs of the kinase regulatory domain and adaptor protein dock to a similar sites on 
receptors (13,14). Model 2 is based upon the crystal structure of a complex between a 
Thermotoga receptor fragment and the Thermotoga KRD (32).  The receptor fragment-KRD 
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crystal structure depicts the receptor fragment unfolding and forming a non-native global tertiary 
structure; however, the secondary structure of the receptor that binds the kinase regulatory 
domain is unaffected (32).  Both models predict that a surface α-helix of the receptor protein 
interaction region binds in a long groove between the tandem SH3-Like domains of the KRD. 
Figure 3 illustrates the differences in the orientation of the KRD and receptor in each model. 
Models 1 and 2 have their strengths and weaknesses in predicting binding interfaces 
between receptor and KRD. Model 1 displays correct tertiary structure but is derived from the 
crystal structure of a complex containing receptor and adaptor protein, but not the kinase. Model 
2 depicts correct binding partners but incorrect receptor tertiary structure. It is also important to 
note that the core complex of Thermotoga, the only bacteria species with a soluble receptor that 
can be crystalized, is not functional in vitro, and it is very possible that the Thermotoga arrays 
made of differ physiologically from the chemosensory array found in E. coli or Salmonella.  
 The kinase and adaptor protein have been shown to localize to the array in vivo using a 
fluorescence microscopy approach (33,34). The array can be visualized by tagging the N-
terminus of the kinase and adaptor protein with a yellow fluorescent protein (YFP) and 
expressing the fusion protein in vivo (33,34). The arrays appear as point like clusters of 
fluorescence at the poles of the cells. A study performed in the Sourjik lab demonstrated that 
KRD localizes to the array in vivo in the presence and absence of kinase CheA and the adaptor 
protein CheW, demonstrating the kinase regulatory domain can bind to the array in the place of 
the adaptor protein (33). These results provide further evidence that the tandem SH3-like motif 
found in the kinase and adaptor proteins have similar binding sites on the receptor protein 
interaction region (33). The method for visualizing the chemosensory array in vivo using 
fluorescent fusion proteins was modified to test protein-protein interfaces of the KRD and 
9 
 
receptor, as well as, KRD and the adaptor protein in order to examine if the interfaces predicted 
by in vitro methods are consistent with the interfaces in an in vivo system.  By introducing 
tryptophan and alanine point mutations at predicted interfacial residues, it is possible to scan 
these interfaces and ask how (i) the removal of a side-chain and (ii) the introduction of a bulky 
side chain affects in vivo localization of the histidine kinase and KRD to the array. If the 
tryptophan mutation disrupts binding of the protein to the array but the alanine mutation does 
not, that residue is characterized as interfacial (located at a protein-protein interface) If both the 
tryptophan and alanine mutations disrupt binding that residue is characterized as essential 
(residue is critical for binding to the array). Finally, if neither mutation disrupts binding that 
residue is characterized as non-interfacial (residue is not located at an interface). This novel 
method is called Tryptophan and Alanine Mutagenesis to Identify Docking Sites (TAM-IDS). 
 The present study aims to use the in vivo TAM-IDS approach to further characterize the 
binding interfaces of the histidine kinase. First, this study explores the individual domains of the 
kinase in order to determine the minimal binding domain of the protein. Next, the physiological 
relevance of the current structural model for the interface between the KRD subdomain one and 
the adaptor protein subdomain two is tested (12). Finally, TAM-IDS scanning is utilized to 
assess the physiological relevance of Models 1 and 2 in defining the receptor-histidine kinase 
interface (12,32). The results indicate that the kinase regulatory domain is the minimal binding 
domain of the histidine kinase CheA. In addition, the physiological results of TAM-IDS 
scanning between subdomain one of the kinase regulatory domain and subdomain two of the 
adaptor protein are consistent with in vitro results. Finally, TAM-IDS scanning suggests 
that Model 2 more accurately predicts the physiological interface between receptor and kinase, 
than Model 1. 
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Materials and Methods 
Materials 
 All of the reagent grade chemicals were from Sigma unless otherwise noted. Structural 
modeling was done and molecular images were created using the PyMOL Molecular Graphics 
System, version 1.3r1,Schrödinger, LLC. 
Strains and plasmids 
        All of the constructs used in this project were derived from pDK4 (courtesy of the 
Sourjik lab), an expression vector used to generate N-terminal YFP-fusions plasmid (33). pDK4 
provides ampicillin resistance, pBR ori and pTrc promoter (36). From pDK4, the Sourjik lab 
cloned in the full length YFP histidine kinase fusion, pDK28. YFP-fusions of each domain of the 
kinase were generated by PCR subcloning of the individual domains of kinase from pDK28 and 
inserted back into the pDK4 plasmid. All of the plasmids are inducible with Isopropyl β-D-1-
thiogAlactopyranoside (IPTG). 
        Two different cell lines were used: RP437 and RP9535 (37). RP437, a wild type E. coli 
strain, contains all of the chemosensory proteins. The second strain, RP9535 is an E. coli CheA 
kinase deletion strain. 
Growth conditions and induction levels 
        Single colonies were picked from transformations and grown overnight at 30°C in VBC-
HMLTT Minimal Essential Media containing 20 mM lactate, 40 μg/mL D,L-histidine, 20 μg/mL 
L-leucine, 1 μg/mL thiamine, and 0.75% glycerol; Ampicillin was added to a final concentration 
of 100 µg/mL (37-40). The sample was then diluted 15 fold into fresh MEM and grown at 30°C 
until the beginning of mid-log phase, OD600 between 0.04 and 0.09 (approximately 2 hours). The 
cultures were then induced with 50µM IPTG and continued grow for another two hours at 30°C. 
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A bacterial pellet was then isolated by centrifugation of 10mL of the culture at 3200 xg for 5 
minutes. The pellet was then resuspended in 700 µL of Tethering buffer (10 mM potassium 
phosphate, 0.1 mM EDTA, 1 mM L-methionine, 10 mM sodium lactate, pH 7.0) (33). The cells 
were pelleted again at 3200 xg centrifugation for 5 minutes. 50 µL of Tethering Buffer was 
added to the pellet for the final resuspension. 20 µL of the washed cells were added to a thin 
agarose pad (0.1% agarose in Tethering Buffer) on a microscope slide and immediately imaged. 
Fluorescence microscopy 
        Immediately after plating, the cells were imaged with a Nikon TE-2000-E inverted 
microscope utilizing a 60X oil immersion objective, CFP/YFP/RFP dichroic mirror with 
corresponding single band excitation and emission filters, and a CoolSNAP ES camera with an 
exposure time of 1 second. Excitation light was provided by a mercury lamp. The samples were 
excited at 490-500 nm wavelength with emissions of 520-560 nm. 
Mutagenesis 
        Tryptophan and alanine point mutants were generated in the pDK28 and pDK90 plasmids 
by using PCR-based QuickChange XLII mutagenesis kit (Agilent). Mutations were confirmed by 
sequencing the relevant region of the plasmid. 
 
Results 
Experimental Strategy: 
This study examined the interface between kinase and the other two core components of 
the array, the chemoreceptor and the adaptor protein CheW.  The first and most basic step in 
characterizing the interfaces of the kinase was to determine the minimal domain of the kinase 
required for localization of the array. TAM-IDS scanning was then used to characterize residues 
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on the predicted interface between subdomain one of the kinase regulatory domain (KRD) and 
subdomain two of the adaptor protein as well as the interface between kinase and receptor. These 
results from the characterization of the kinase-receptor interface were then used to differentiate 
between Models 1 and 2 (Figure 3).  
Determining the minimal binding domain of kinase CheA: 
 Using the N-terminal YFP fusions of each domain, we examined the kinase domain’s 
ability to bind to the array in vivo.  The fusion proteins were expressed and imaged in wild type  
 
(WT) E. coli cells which contain all of the chemosensory proteins. The ability for the YFP-
kinase domains to bind to the array was measured according to Figure 4, and quantified using 
Equations 1 and 2. The array fluorescence (A) is defined as: 
                       (Eq. 1) 
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Where FA is the integrated fluorescence intensity of a fixed area containing the array at the pole 
of the cell, Fc is the integrated fluorescence intensity of an equal fixed area of cytoplasm, and B 
is the background intensity of an equal fixed area outside the cell. This approach corrects for 
deviations in the expression levels of the fusion proteins over different experiments. The array 
domain binding parameter (AD) is defined as: 
                         (Eq. 2) 
 Where AK is the array fluorescence of the kinase domain and Awt is the WT array fluorescence. 
The array domain binding parameter was normalized such that as the YFP-domain approached 
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wild type binding, AD goes to one, and when the YFP-domain was unable to bind the AD goes to 
zero.  
Figure 5 shows representative images and the array domain binding parameter for the 
domains of the kinase. YFP-fusions of the substrate domain, the binding domain, the 
dimerization domain and the catalytic domain showed no evidence of binding to the array. The 
regulatory domain binds to the array as effectively as full length (FL) kinase. These results show 
that the regulatory domain is the minimal binding domain of kinase in a WT cell background.  
Characterizing the physiological interface between the kinase regulatory domain and the 
adaptor protein through TAM-IDS 
 Point mutations were generated in a plasmid containing the KRD with a N-terminal YFP. 
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Four residues on the KRD predicted by the crystal structure to be located at an interface with the 
adaptor protein were selected for TAM-IDS scanning: N569, L610, G619, and S630 (all of the 
residue numbers are based upon the E. coli sequence). A fifth residue (I600) was selected as a 
negative control; the residue was predicted to be distal to any interface on the KRD.  
 Once mutations were generated in the YFP-KRD plasmid, the plasmid was transformed 
into WT E. coli cells. The cells were quantified in almost the exact same way as when 
determining the minimal binding domain of kinase; however, instead of normalizing the array 
binding parameter (Eq. 2) to the positive control and zero, the fluorescence ratios are normalized 
to the positive control and the negative control (YFP-P2 binding domain). The kinase binding 
domain was shown to not bind the array. The mutant protein array binding parameter (AB) is 
defined as:  
                          (Eq. 3) 
AM is the array fluorescence of the mutant protein and A0 is the array fluorescence of negative 
control, YFP-binding domain. AB values are between zero and one, zero being no binding to the 
array and one being full length kinase binding to the array. 
 Residues on the KRD were selected for TAM-IDS analysis based upon the current 
structural model of the interface between the KRD and the coupling protein (12). Figure 6 
illustrates the positions selected for the study, all of which clash with the space filling model of 
the coupling protein when mutated to a tryptophan, except for the negative control I600. Figure 7 
shows mutant protein array binding parameter of each residue of interest for both the tryptophan 
and alanine mutant. The mutations to both tryptophan and alanine caused significant reduction to 
array binding for residues L610, G619, and S630, thus these positions were classified as essential 
residues. While the alanine mutation significantly disrupted binding of all three residues, the 
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alanine mutation was less 
perturbing than the 
tryptophan, suggesting that 
while the residues were 
classified as essential they 
have some interfacial 
character. For position N569, 
the tryptophan mutation 
showed significantly 
decreased binding to the array 
while the alanine mutation 
did not. Therefore N569 was 
classified as an interfacial 
residue. The three essential residues (L610, G619, and S630) and the interfacial residue (N569) 
were all predicted to be at the KRD-adaptor protein interface by the current structural model, 
providing strong evidence for its physiological relevance.  
Characterizing the physiological interface between the kinase regulatory domain and 
receptor through TAM-IDS 
 The same TAM-IDS scanning approach used to characterize the KRD-adaptor protein 
interface was used to compare the KRD-receptor interface predicted by Models 1 and 2. 
Mutations were generated in the YFP-KRD plasmid and expressed in the wild type E. coli cells. 
Models 1 and 2 predict different interfaces between the KRD and receptor. Figure 3 shows a 
comparison of the orientation of the KRD in each model. In order to determine which model 
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more accurately describes the physiological interface, residues predicted to be interfacial by the 
two models were selected for TAM-IDS analysis. 
Three residues on the KRD were selected to characterize the interface between the KRD 
and receptor. Two of the residues, L528 and S534, were predicted to be interfacial on Model 2 
but not on Model 1. The final residue, V531, was predicted to be interfacial by both Models 1 
and 2. A fourth residue, I600, 
predicted to be distal to the 
KRD-receptor interface by both 
models, was used as a negative 
control.  
Figure 8 shows all of the 
residues of interest mutated to 
tryptophan rotamer that is 
oriented towards the receptor 
interface for both Models 1 and 
2. Figure 9 summarizes the 
mutant protein array 
incorporation parameter for the 
four residues of interest. 
Residues L528 and V531 show significantly reduced incorporation to the array for both 
tryptophan and alanine mutation. Both residues were characterized as essential. While mutations 
to V531 totally eliminated localization of the fusion protein to the array, mutations to L528 
reduced clustering to about 50% of the positive control. This suggests that, while L528 is an 
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essential residue, it may rest at the edge of the interface such that the bulky side chain did not 
totally disrupt binding to the array. At position S534, the alanine mutation did not disrupt 
binding to the array, though the tryptophan mutation totally eliminates localization to the array. 
S534 is an interfacial residue. All three of the residues predicted to be interfacial by Model 2 
were either essential or interfacial, while Model 1 only accurately predicted the results from one 
of the residues. Furthermore, the only interfacial location described by the TAM-IDS scanning, 
S534, was predicted to be interfacial only by Model 2. Overall, the physiological characterization 
of the KRD-receptor interface using the YFP-KRD fusion proteins strongly supports the 
physiological relevance of Model 2 over Model 1.  
 Examining the physiological interface between FL-kinase and receptor using TAM-IDS 
 In order to gain a more complete understanding of the kinase-receptor interface in vivo, 
tryptophan and alanine mutants were generated in the YFP-FL kinase plasmid. This system 
examines the effects all of the domains of kinase together have on array binding as opposed to 
19 
 
just the KRD. The same 
residues (L528, V531, S534, 
and I600) were mutated in the 
YFP-FL kinase plasmid and 
then expressed in two different 
backgrounds: the WT E. coli 
strain and a kinase deletion E. 
coli strain.  
 Figure 10 provides a 
summary of the mutant protein 
array incorporation parameter 
results of the YFP-FL kinase 
proteins in the WT E. coli 
background. By generating the 
mutants in FL kinase instead of the KRD fragment, all of the mutants maintain their ability to 
bind to the array. There were no significant reductions in binding to the array for any of the 
different position tested. These unexpected results give no insight into which model more 
accurately describes the physiological interface between kinase and receptor.  
 Figure 11 provides a summary of the mutant protein array incorporation parameter results 
of the YFP-FL kinase proteins in the minus kinase E. coli background. Position L528 shows 
significantly reduced binding for both the tryptophan and alanine mutations. Position V531 
shows significantly reduced binding to the array for the tryptophan mutation but not the alanine 
mutation. These results are inconclusive in differentiating between Models 1 and 2. Models 1 
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and 2 correctly predicted two out of the 
three residues examined in the YFP-FL 
kinase in the minus kinase background. 
Neither model more accurately 
describes the results provided by Figure 
11. The results do reveal that without 
native kinase, significant reductions in 
the mutant YFP-FL kinase 
incorporation to the array occur. This 
indicates that the presence of native 
kinase enhances the incorporation of 
the mutant fluorescent fusion proteins. 
Compared to the TAM-IDS 
analysis of the KRD-receptor interface in the YFP-KRD system, mutants generated in full length 
YFP-kinase plasmid have a much higher mutant protein domain incorporation parameter. As 
Figures 10 and 11 illustrate, even mutants with significantly reduced binding to the array still 
retain 50% binding of the positive control. In the YFP-KRD system, many of the mutations 
cause totally elimination of array binding. These results indicate that the additional four domains 
of kinase have some effect on binding and contribute to an overall increase in binding when 
compared to the KRD alone. 
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Discussion 
 The present results give a broad examination of the physiological binding interfaces of 
the histidine kinase CheA. The study found that the KRD is the minimal binding domain of the 
kinase in a WT background. The current model of the KRD and coupling protein is consistent 
with the in vivo interface (12). And in vivo TAM-IDS results support the accuracy of Model 2 
over Model 1 (12,32). These results further refine the structural model of the chemosensory 
array. Elucidating the array architecture enhances understanding of signaling in the 
chemosensory system. Understanding signaling deepens our understanding of the array as a 
biological integrated circuit that has potential use as an ultra-sensitive and ultra-stable biosensor. 
The minimal binding domain findings (Fig. 5) are complimented by the in vivo 
fluorescence microscopy study carried out in the Sourjik Lab (33).  The Sourjik study found that 
the KRD bound to the array in WT background and in a background lacking kinase, adaptor 
protein and other chemosensory proteins (33). The Sourjik study did not examine if any of the 
remaining individual domains of the kinase bound to the array. Because the kinase domain 
fragments in this study were expressed in WT cells, even if the kinase domain other than the 
kinase regulatory domain had the ability to bind the array, it is possible it was blocked by the 
natively expressed kinase. In order to more rigorously characterize the KRD as the minimum 
binding domain, kinase fragments should be expressed and imaged in a minus kinase strain. 
 TAM-IDS scanning of the interface between subdomain one of the KRD and subdomain 
two of the coupling protein reveals that the physiological interface is consistent with the current 
structural model (12). All of the residues selected for TAM-IDS scanning were predicted to be 
interfacial by the model. All of the residues selected were characterized as either essential or 
interfacial (Figs. 6 and 7).  These in vivo results are consistent with an NMR study examining the 
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specific interactions made between Thermotoga kinase and coupling protein (25), along with a 
number of other NMR, ctyo-EM, and crystallography studies (30,31,32,35). In vitro disulfide 
mapping experiments conducted in the Falke lab also support the TAM-IDS findings. Disulfide 
mapping is a technique which tests the proximity of residues on two different proteins by 
mutating those residues to cysteines and measuring the rate of crosslinking under oxidation 
conditions. The faster the cysteines crosslink the closer they are to one another. According to the 
disulfide mapping of the kinase-regulatory domain and coupling protein, positions N569 and 
S630 rapidly crosslink to the coupling protein suggesting the positions are interfacial (46). 
Because the interface between kinase regulatory subdomain one and adaptor protein subdomain 
two is so well characterized, the interface provided an ideal platform to confirm the effectiveness 
of the TAM-IDS in vivo scanning approach. The TAM-IDS scanning results accurately described 
the current model of the interface thus, providing strong evidence for the effectiveness of TAM-
IDS as a viable method for scanning protein-protein interfaces in vivo. Simultaneously, the 
results added physiological relevance to the already well characterized interface (11,12,18). 
The physiological interface between the KRD and coupling protein predicted by Model 2 
is validated through in vivo TAM-IDS scanning. The TAM-IDS analysis conducted using 
tryptophan and alanine point mutants generated in the YFP-KRD plasmid, revealed that all of the 
residues predicted to be interfacial by Model 2 were characterized as either interfacial or 
essential (Figs. 8 and 9). Two of the residues of interest, one interfacial and the other essential, 
were not located at an interface according to Model 1. The TAM-IDS result that Model 2 more 
accurately describes the physiological kinase-receptor interface is validated by a comprehensive 
in vitro disulfide mapping study conducted in the Falke Lab (45). The study examined several 
kinase and receptor positions on the predicted kinase-receptor interface and ultimately found that 
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Model 2 accurately predicts the in vitro interface between the KRD and receptor (45). To more 
completely characterize the in vivo KRD-receptor interface, the fragment YFP-KRD plasmid 
must be analyzed using TAM-IDS in the kinase minus strain.  
The examination of the kinase-receptor interface using TAM-IDS in the YFP-FL kinase 
plasmid yielded inconclusive results. When the full length YFP mutant plasmids were expressed 
in the WT cell background none of the mutations disrupted binding significantly. This 
unexpected result can be attributed to the fact that the YFP-kinase mutant proteins we found to 
form heterodimers with the natively expressed kinase. The heterodimer could then bind to the 
array using the native, unperturbed, binding interfaces, resulting in inflated and inaccurate 
mutant protein array binding parameter values (Fig. 10). 
 In order to circumnavigate the formation of kinase heterodimer we expressed the full 
length YFP-kinase mutant proteins in a minus kinase bacteria strain. This prevented the 
formation of kinase heterodimer, resulting in mutants with significantly reduced clustering (Fig. 
11). The results from the minus kinase strain were inconclusive in differentiating between 
Models 1 and 2. The TAM-IDS results of two out of the three residues of interest were 
accurately predicted by both Models 1 and 2. These results neither confirm nor dismiss the 
physiological relevance of Models 1 and 2; further examination of the interface is needed. A 
study conducted in the Falke lab using the TAM-IDS approach in vitro, using the FL kinase 
plasmid, measured uptake of the mutant plasmid to the array and found Model 2 to more 
accurately depicts the kinase-receptor interface (45). The discrepancies between the in vivo and 
in vitro results due to how many more chemosensory proteins exist in the in vivo system as 
compared to the in vitro system. This excess of proteins could have unforeseen effects on kinase 
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binding. Also, after the formation of the array in vitro, there are a number of wash steps where 
weakly bound mutant proteins could be removed from the array, resulting in decreased uptake.  
In vivo the full length YFP-kinase mutants showed a much greater ability to overcome 
perturbations at the binding interface when compared to the fragment YFP-KRD mutants. The 
additional domains of kinase present in the YFP-FL kinase construct could lend, small but 
significant binding contacts to the array, allowing the mutant protein fusion to overcome 
perturbations. This suggests that the TAM-IDS scanning of the kinase-receptor interface using 
fragment YFP-KRD mutants is a more sensitive technique than mutants generated in the YFP-FL 
kinase plasmid. 
Overall the present study (i) demonstrates the KRD to be the minimal binding domain of 
kinase in a wild type background, (ii) validates TAM-IDS as a method for characterizing the 
physiological protein-protein interfaces of the chemosensory array, (iii) gave physiological 
relevance to the kinase-adaptor protein structural model (12), and (iv) helped differentiate Model 
2 from Model 1 as the most physiologically relevant models of the kinase-receptor interface 
(12,33). By furthering understanding of the array architecture, this study also lends insight into 
how the remarkable chemosensory biological circuit functions, and how a biosensor might be 
derived from the array. Moreover, the development of TAM-IDS in this study has the potential 
to be a very useful tool in exploring molecular level interactions in a physiological system.  
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Appendix 1: Undergraduate Research and Secondary Science Teacher Preparation 
 In addition to doing undergraduate research, I have been working towards a teaching 
license through the CUTeach secondary science licensure program. Both experiences gave me 
opportunities which have defined my college career. My time in the Falke Lab has provided the 
chance to present my research at a conference, publish data, and write an honors thesis. Through 
CUTeach and the school of Education I have had the opportunity to experience the public 
education classroom at a spectrum of socioeconomic levels, organize science outreach events, 
and soon to student teach.  Though on the surface it appears I have led two separate lives; 
research and teacher preparation complement one another in unique and valuable ways. I would 
like to devote a section of my thesis to explore how undergraduate research informed my teacher 
preparation and vice-versa. 
  The most valuable knowledge I took from conducting research was an intimate 
perspective on the nature of science. Achieving this depth of knowledge about the nature of 
science came about as a result of actually being in a the scientific community: attending lab 
meetings, doing benchwork, and struggling to understand the complex chemosensory system. I 
cannot emphasize enough how important actually participating in research was in developing a 
scientific mindset. I have come away from my research experience with a more clear 
understanding of the role of data in science and how scientists collect, interpret, and 
represent/model it. The hours spent pipetting or in the microscopy core have changed how I view 
experimentation. This is all wonderful if I want to go into research, but how will this aide me in 
my pursuit to be a teacher? I strongly believe that my newfound knowledge will allow me to 
more accurately portray what science is and what science is not in the classroom. It will inform 
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the laboratory components of my classroom and help me communicate how we gain scientific 
knowledge.  
  Developing a sense of the nature of science in a high school setting not only gives 
students a more accurate idea of how science is conducted, it will make science seems less 
boring and rote. I realize that many of my students will not be scientists; aiding these students in 
understanding what science is will help dispel many of the pop culture misconceptions about 
science (global warming, evolution, ect) that exist today. The first place I would start in building 
this conceptual framework on the nature of science would be a discussion of data. In fact, data 
would be woven throughout the students conceptual framework as we examine what data is, and 
how it is collected, interpreted, and modeled or represented. Data interpretation would be a very 
valuable topic to discuss in a classroom setting primarily because it would challenge student’s 
preconceptions that science is a set of facts contained in a textbook, when, in reality, scientific 
knowledge is constantly changing as more and more sophisticated interpretations of data emerge. 
Having an in-depth knowledge of data representation and modeling is key for students to be 
successful in college and later in their lives. By challenging students to examine the nuts and 
bold of scientific reseach, students would have a relatively sophisticated knowledge of the nature 
of science that I am in a unique position to provide. 
  In the mind of an undergraduate researcher there are two components to the execution of 
science: bench/grunt work and experimental design. The Principal Investigator is responsible for 
designing experiments. They use their knowledge and experience to test certain hypothesis using 
whatever experimental means are available. Bench work encompasses learning protocols and 
techniques, as well as, the actual execution of gathering data. In my experience with high school 
laboratories, there are many experiments that communicate a scientific concept, but few that 
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come close to what actually goes on in a research laboratory. By explicitly addressing the bench 
work and experimental design components of science in my high school laboratories, students 
would gain a better grasp of how science is conducted. They would exposed to the tedium (bench 
work) and creativity (experimental design) that is inherent in scientific research.  
  Participating in undergraduate research and at the same time participating in a teacher 
licensure program provided a unique perspective on being a science teacher. Because I have a 
more in depth understanding of how science is conducted, I will focus on incorporating elements 
of academic science into my classroom as much as possible. Throughout high school, I never had 
a teacher who described what it meant to be a scientist or what a scientist does. Through my 
research experiences I have the ability to be a valuable resource about science in the real world 
to my students and other teachers.   
  Science is not conducted in a vacuum; each laboratory has a responsibility to 
communicate their findings to the broader scientific community, as well as, to new members of a 
laboratory. Because the CUTeach program requires so much time spent in high school and 
middle school classrooms, my confidence as a communicator has vastly increased. More 
specifically, I feel as though I now have a much greater ability to asses a student’s baseline 
understanding and using that baseline to build up a conceptual framework. Confidence in 
communication translated to being a more effective scientific presenter and mentor.  
  Presenting research can be a daunting task, stressful for the presenter and boring for the 
audience. By attempting to establish what the audience already knows, and then building each 
concept one on top of another, the presentation becomes more valuable for both the presenter and 
audience. The mechanism by which we can build up a conceptual understanding through a 
presentation is to take large cumbersome pieces of information and break them up into smaller, 
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more manageable concepts. These manageable concepts provide the bricks that then make up a 
whole conceptual framework. In addition, my time in the classroom taught me the value of visual 
representations of concepts. In the construction of my defense talk, every place I encountered a 
concept that would be difficult to explain, or would make little sense to the audience, I generated 
a figure, or some other visual representation to aide understanding. Through being contentious of 
my audience’s prior knowledge, breaking down information to more acceptable pieces and the 
importance of visual representation, my experience in education aided my effectiveness 
presenting research. 
  Another aspect of academic research that was enhanced by my educational experience 
was the mentoring of new lab members. In my time with the Falke lab I have now mentored two 
individuals. Starting research requires a vast amount of highly specialized knowledge that can be 
very overwhelming; having a dedicated mentor can make a huge difference in becoming 
comfortable with the technical information that defines academic research. Much of what 
allowed me to be an effective mentor came from my training as a pre-service teacher to probe a 
student’s understanding of a subject. The better I understood what the people I mentored 
understood, the more effectively I could communicate manageable pieces of information in order 
to build a conceptual framework. Also, I was able to draw upon my own struggles from when I 
joined the laboratory to inform the way in which I approached mentoring. Teachers are able to 
use their previous experiences to improve a class or lesson plan year to year, and by being 
contentious of the struggles I went through, I was able to improve the experience of the people I 
mentored. Once again, the importance of knowing your students/audience played a key role in 
scientific research, this time in the realm of mentoring. Additionally, by using my own 
experiences, a practice I learned from teaching, I was able to guide the people I mentored 
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through the challenging waters of research. 
  Overall, I am incredibly thankful to have experienced academic research and an effective 
teacher licensure program. The experiences were invaluable in my growth as both a teacher and a 
researcher. I anticipate my research experience will continue to inform teaching in the coming 
years. By engaging both education and research, I have come to realize that research and 
education are intimately linked. All researchers need to be able to clearly communicate ideas; 
many of whom become teaching assistants or professors. Having a strong education background 
could dramatically increase the effectiveness of researchers as communicators and instructors. At 
the same time science educators are expected to teach science when many have no true idea of 
what science is and how research is conducted. Participating in research very possibly could 
change the priorities of what science educators teach. I would strongly recommend that anyone 
who wants a well-rounded perspective going into the science teaching profession or into 
research, to seek out both research and educational experiences. 
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